We describe the development and performance of an ultra-high vacuum scanning tunneling microscope working under combined extreme conditions of ultra-low temperatures and high magnetic fields. We combined a top-loading dilution refrigerator and a standard bucket dewar with a bottom-loading superconducting magnet to achieve 4.5 days operating time, which is long enough to perform various spectroscopic-imaging measurements. To bring the effective electron temperature closer to the mixing-chamber temperature, we paid particular attention to filtering out the radio-frequency noise, as well as enhancing the thermal link between the microscope unit and the mixing chamber. We estimated the lowest effective electron temperature to be below 90 mK by measuring the superconducting-gap spectrum of aluminum. We confirmed the long-term stability of the spectroscopic-imaging measurement by visualizing superconducting vortices in the cuprate superconductor Bi 2 Sr 2 CaCu 2 O 8+δ .
I. INTRODUCTION
Combined extreme conditions of ultra-low temperature and high magnetic field promote novel quantum phenomena such as the quantum Hall effect 1,2 , exotic superconducting states 3, 4 , field-induced spin 5 and/or charge 6 density waves etc. To analyze the microscopic mechanism behind these phenomena and to discover as-yet-unknown electronic states in condensed matter, it is important to develop spectroscopic techniques usable under such combined extreme conditions. Spectroscopic-imaging (SI) scanning tunneling microscopy (STM) is a powerful technique for this purpose because of the following two reasons: The first one is a combination of advantages of the high spatial resolution of STM and the high energy resolution of tunneling spectroscopy. SI-STM acquires a differential conductance spectrum, which reflects the local density-of-states, at every pixel of an STM topographic image, enabling us to obtain 3-dimensional (2-dimensional lateral positions at the surface and excitation energies) data set that contains atomically-resolved spectroscopic information. The other reason is that STM in principle works at arbitrarily low temperatures and in arbitrarily high magnetic fields. Various low-temperature and high-magnetic-field STM systems have actually been developed, including those based on a dilution refrigerator (DR) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Meanwhile, the measurement time is inherently very long, typically a few days or even longer. This demands high stability in SI-STM operation even at combined extreme conditions. Particularly, stable SI-STM operation over a few days at effective electron temperature T eff lower than 100 mK and under a magnetic field higher than 15 T has still been challenging. In addition, given the broad research areas achieved by ultra-high vacuum (UHV) STM, UHV compatibility is highly desired even though it causes further technical problems to be solved.
Here, we present the design and performance of a UHV-compatible, ultra-low temperature, and higha) Electronic mail: tadashi.machida@riken.jp b) Electronic mail: hanaguri@riken.jp magnetic-field STM system with long-term stability. There are two key components of this system. The first one is a mid-size DR (cooling power 100 µW at 88 mK) with multiple radiation baffles, rigid thermal anchoring of the microscope unit to the mixing chamber (MC), and thorough filtering of radio-frequency (RF) noise. This enables us to reach T eff < 100 mK while keeping a space for a UHV central tube available for in-situ transfer of the tip and sample. The other is a low-loss cryostat equipped with a bottom-loading 17.5 T superconducting magnet and demountable current leads. We achieved a liquidhelium (LHe) consumption rate as low as 11 liters/day with the DR running. The combination of these key components enables us 4.5 day-long continuous SI-STM measurements below 90 mK under magnetic fields up to 17.5 T. We discuss the design concepts, the effect of RF noise filtering on T eff , and the performance of the SI-STM.
II. DESIGN DETAILS
The primary purpose of this project is to construct a versatile STM system that simultaneously satisfies the following requirements: (i) ultra-low temperature T eff < 100 mK, (ii) high magnetic field B > 15 T, (iii) long continuous operating time over a few days, (iv) low noise comparable to the typical low-temperature STM systems, (v) UHV compatibility.
A reasonable solution to achieve (i) and (ii) is a combination of a DR and a high-field superconducting magnet. The combination is classified into two categories based on directions in which the tip and sample are loaded: top loading 13, 19, 20 and bottom loading 12, 16, 17 . In the toploading system, we can use a standard bucket dewar. A drawback of the top-loading system, however, is that a DR must have a UHV-compatible clear-shot port. The tip and sample, or the whole microscope unit, are necessarily transferred a long distance from the top through the port to the bottom because the MC, which is the coldest part in the DR, is at the bottom of the DR insert. The traveling distance can be shortened if the bottomloading mechanism is adopted. However, a complexity arises from a dewar with a UHV-compatible access hole at the bottom. This may increase the LHe consumption rate and thus reduce the duration time available for measurements. Here we employed the top-loading design to achieve both (iii) and (v) while maintaining simplicity. The design of the cryostat and the superconducting magnet is described in Sec. II A. Details about the DR insert with some notes related to (iv) is described in Sec. II B. Details of other components are described as follows. The design of the microscope unit focusing on key points to achieve (i) is described in Sec. II C. Special cares for wiring also necessary for (i) is addressed in Sec. II D. Details of our UHV system for in-situ preparation of the tip and the sample being related to (v) are described in Sec. II E. Mechanical vibrations from pumps for DR operation can propagate through pumping lines to a microscope unit and can cause a severe problem for STM measurements. Isolation of this noise together with other external noise necessary for (iv) is described in Sec. II F
A. Cryostat and superconducting magnet
A standard bucket dewar can be used because of the top-loading design, but special care must be taken to reduce the LHe consumption rate as much as possible for longer operating time. An effective strategy is to minimize items reaching the LHe reservoir from the top flange at room temperature. In our design, we adopt two approaches for this purpose. One is a bottom-loading magnet without a magnet-support structure from the top flange. This also allows us to reduce the dewar-neck diameter, further suppressing the heat leak from the top flange. The other is current leads demountable from the magnet. Because SI-STM experiments are generally done under a constant magnetic field, we can remove the current leads after switching the magnet into the persistentcurrent mode. This completely eliminates the heat leak through the current leads.
Figure 1(a) shows a schematic illustration of the structure of our custom-made gas-shield cryostat with a superconducting magnet (Japan Superconductor Technology). The magnet generates magnetic fields up to 17.5 T without using a λ plate. The inner diameter of the magnet bore is 64 mm. The LHe reservoir (effective volume: 50 liters) is supported by a fiber-reinforced-plastic central access tube with an inner-diameter of 135 mm. Additional two tubes reach the reservoir: one is for filling LHe and the other is for the demountable current leads. All of these tubes are vapor cooled to reduce the heat conduction from the top flange.
The LHe consumption rate without the DR insert was 4 liters/day. After we installed the DR insert in full operation, the consumption rate increased to 11 liters/day. As a result, the duration time available for continuous operation is about 4.5 days. This is reasonably long for various SI-STM experiments.
B. Dilution refrigerator
One of major challenges for design of our DR is a UHVcompatible clear-shot port. There are two options: making the whole DR unit UHV compatible 13, 16, 17, 20 and installing a UHV tube passing through the DR unit. Although the UHV tube adds extra heat leaks between the DR stages, we adopted the latter design because of the following two advantages: First, we can use standard non-UHV-compatible materials, such as solders and a varnish, for constructions and wirings. Second, heat exchange gas can be introduced into the vacuum space of the DR insert. The exchange gas not only makes precooling process easier and simpler but also enables us to perform stable STM operation at 4.2 K as described below. Figure 1 (b) illustrates our custom-made DR insert (Oxford Instruments). To realize low T eff , a few special cares are necessary. To minimize the heat leaks, we made the UHV tube as small as possible (thickness: 0.5 mm, inner diameter: 15 mm). This is too small to transfer the whole microscope unit but is large enough to transfer the tip and the sample to the microscope unit. The microscope unit is permanently fixed to the MC to have better thermal connection (see also Sec. II C). To avoid radiation heating, we put two gold-plated Be-Cu baffle plugs at the top of the vacuum space (∼ 4.2 K) and at the bottom of the MC (∼ 40 mK), respectively. This design requires electronic feedthroughs between the vacuum space of the DR insert and the UHV space of the microscope unit. We use UHV-compatible feedthroughs (CeramTec 18841-01-W) on the MC flange.
Another major challenge, and indeed the most critical component in the DR for STM, is the 1 K condenser stage. To remove vibrational noise problematic for STM measurement, various designs including a speciallydesigned quiet 1 K pot 22, 23 and Joule-Thomson condenser without a 1 K pot 24, 25 have been proposed. In our DR, the 1 K stage is a tube-in-tube heat exchanger being more rigid than a 1 K-pot and is free from vibrations caused by dripping LHe. The LHe pick-up for the 1 K stage has two parallel lines. One line is equipped with a needle valve and the other line is a bypass line with a fixed impedance. The DR can run continuously only with the bypass line, namely with the needle valve fully closed. We had expected that vibrational noise from the needle valve could be killed by fully closing the valve. However, we frequently observed burst noise in the tunneling current with the needle valve fully closed. Instead, if we slightly open the needle valve, the noise diminishes. This suggests that there is an optimal flow-rate in the 1 K heat exchanger and that the needle valve itself does not generate serious vibrations.
Another heat exchanger adjacent to the MC for the 3 He-4 He mixture determines the cooling power and the base temperature. Our DR does not have a sinteredsilver discrete heat exchanger but is equipped with a tube-in-tube-type continuous heat exchanger only for simplicity. The measured cooling power of the bare DR insert was 100 µW at 88 mK. After we installed the microscope unit and all the necessary wirings, the cooling power decreased to 66 µW at the same temperature. Although our DR is not as powerful as the ones used for other systems 13, [16] [17] [18] [19] 21 , T eff comparable with or lower than those systems can be realized as described below. Indeed, once low T eff is realized, the small cooling power is beneficial for longer operating time because of low LHe consumption rate.
Our design of DR enables quick turn-around between each measurement. Typical measurement procedure is as follows. We replace the tip and sample after the mixture gas is collected to the dump for safety. The DR temperature shoots up, but only up to about 30 K if the sample is precooled to 77 K before transfer. The warmed up DR unit can be cooled down to 4.2 K, within about 15 min, by heating the sorption pump at the 1 K stage to release the exchange gas. Since the temperature is stabilized at 4.2 K at this point, quality of the tip and the sample surface can be checked by an STM measurement. After the quality is confirmed, the heater of sorption pump is turned off to absorb the exchange gas and the circulation of mixture gas is started. Typically, it takes about 6 hours to reach the base temperature from 4.2 K.
C. Microscope unit
Our microscope unit ( Fig. 2) is based on the Pan walker 26 and shares the basic design with our previous STM systems 27, 28 . A Pb(Zr,Ti)O 3 tube scanner (Fuji ceramics, C-203) with a tip holder on the top is placed inside of a sapphire prism driven by custom-made six shearpiezo stacks (Fuji ceramics, C-203). The main body of the microscope unit is made of AlN ceramics, which has thermal expansion coefficient similar to that of the scanner and has relatively high thermal conductivity.
Some modifications are made for the ultra low temperature environment. The microscope unit is rigidly connected to the bottom of the MC via three solid rods (6 mm in diameter) and a bottom plate made of oxygenfree copper [ Fig. 2(b) ]. The bottom plate and the sample stage are tightly bolted together to the main body by three M2.5×0.45 screws with a 25 µm-thick Kapton R film in between. The bias voltage is applied to the sample stage, which is electronically isolated from the bottom plate by the Kapton R film. A sample is mounted on a Be-Cu sample holder and the holder is tightly screwed into the sample stage via M12×1 threads. This design achieves electrical isolation, large contact area and strong contact pressure simultaneously, being effective to enhance the thermal link between the microscope unit and the MC.
D. Wiring and noise filtering
Different kinds of cables are used in the DR insert depending on the nature of the signals. Constantan wires are used for most of diagnostic wirings for the DR operations. They were already installed when the DR was delivered. For the most sensitive signals, the tunneling current and the bias voltage, we use custom-made thin coaxial cables (Cooner Wire Co. CW5937). The coaxial cable consists of a CuNi-clad superconducting NbTi wire for the inner conductor and braided stainless-steel wires for the outer conductor, having good thermal isolation as well as low resistance at low temperatures. The insulation layer of the inner conductor is coated by the carbon paint to reduce the triboelectric noise. The same coaxial cables are used to drive the scanner. For driving the shear-piezo stacks of the Pan walker and for the heater at the microscope unit, we use 36AWG polyimideinsulated copper wires (California Fine Wire) from roomtemperature to the 4 K plate and polyimide-insulated CuNi-clad superconducting NbTi wires (Supercon, Inc.
SW-FM-30) from the 4 K plate to the MC. All the cables and wires are carefully thermally anchored at each stage of the DR unit. Wirings inside of the UHV-can act as thermal links between the microscope unit and the MC. Therefore, we use copper coaxial cables (Junkosha Inc. DAS401) and copper wires (Junkosha Inc. AT01A010). Wiring schemes in the DR insert are summarized in Fig. 3 .
It is crucial to reduce the RF noise because it may raise T eff . Therefore we use a few types of low-pass filters (LPFs) to prevent RF noise from propagating into the DR unit through the wires. All LPFs are shielded by metal boxes and placed adjacent to the electrical connectors of the DR insert at room temperature. For the thermometry and the scanner lines, we put a π-filter with a series resistor to each line: a π-filter (API Technologies 51-712-065) and a 3 kΩ resistor for each of the the thermometry lines and a π-filter (Tusonix 4209-053) and a 1 kΩ resistor for each of the scanner lines. The addition of the series resistor lowers the effective cutoff frequency to ∼10 kHz. For the tunneling-current line, we cannot use a π-filter because its large capacitance may make the operation of the current-voltage converter unstable. Instead, we only put a 3 kΩ resistor in the line to form an LPF together with the capacitance (∼ 550 pF) of the coaxial cable. The bias voltage is supplied through the voltage divider with an LPF circuit (∼10 kHz cutoff). We do not put LPFs in the Pan walker lines because the large capacitance should round the control wave form. Since we do not use the walker during the scan, we connect all of the walker lines to the ground after the tip has landed onto the sample surface. The heater at the microscope unit is also grounded during the measurements at the base temperature.
E. UHV system and preparation of tip and sample
The UHV system shown in Fig. 4(a) consists of a loadlock chamber and a main chamber. The main chamber is evacuated by a 800 liters/s combination pump (titanium sublimation pump and ion pump, Canon Anelva) achieving routinely the base pressure better than 10 −10 Torr. Moreover, the main chamber is equipped with some apparatuses for preparing tips and samples as well as two magnetically-coupled linear and rotary transfer rods, horizontal and vertical, for storing and transferring tips and samples.
We can store 11 tips and 9 samples on the parking stage attached to the horizontal transfer rod. Tips can be cleaned in-situ by heating with an electron-beam gun (Unisoku) and by field evaporation with a field-ion microscope (homemade). Samples are cleaved to prepare clean surfaces, normally at 77 K with a low-temperature cleaver (Unisoku). The cleaver is also used to precool the radiation baffle plugs. We use an argon-ion sputtering gun (Specs IQE11/35) and an electron-beam sample heating stage (homemade) to prepare clean surfaces of noble metal single crystals for the tip calibration. Besides these tools, there are several blank ports for future extension of tip and sample preparations. For example, by adding evaporators, we will be able to prepare spinpolarized or superconducting tips and to grow thin films on the surfaces. The prepared tip and sample are transferred with the magnetically coupled 1.6 m-long vertical transfer rod (Kitano Seiki KTL-1600) from the parking stage on the horizontal transfer rod to the microscope unit at the bottom of the DR insert.
The transfer rods are much simpler and cheaper than a bellows-based translator especially for long traveling distance. Meanwhile, the stray magnetic field of the superconducting magnet needs to be taken into account because it may interfere with the magnets on the trans- Overview of the whole system. The cryostat with the 17.5 T-magnet (blue) and the UHV chamber are fixed to the vibration isolation table floated by the four passive air dampers. The air dampers are on the two concrete pillars and separated from the floor on which the pumping systems are placed. All these parts are completely surrounded by the shield walls (translucent part). The 1K-stage pumping system and the mixture gas handling system are placed outside of the shield walls.
fer rods. We find that the stray magnetic field at the magnet positions of the rods is about 2 mT even at our highest magnetic field of 17.5 T if the rods are fully retracted. Since this is small enough, the transfer rods can be kept at the standby positions even at a high field. Nevertheless, tips and samples must be transferred at zero field. This is because, if the rod is lowered in a high field, the stray field at the magnet position grows and strongly paramagnetic (sometimes even ferromagnetic) stainless-steel parts on the rod may be drawn into the superconducting magnet. Although the laboratory is located only a few hundred meters away from a highway and a broadcasting antenna (50 kW at 810 kHz), a reasonably quiet environment is realized because of a firm foundation for low-vibration measurements and low-noise electrical ground terminals. The cryostat and the UHV chambers are placed on a rigid table supported by four passive air dampers (Kurashiki Kako). This anti-vibration stage is sitting on two concrete pillars constructed as parts of the foundation of the laboratory. The system is installed in a shielded room (Japan Shield) for both acoustic and electromag- netic noise.
The gas handling systems are located outside of the shielded room. Four gas lines are necessary for the DR operation: 1K-stage pumping line, still pumping line, mixture-gas return line, and helium-gas recovery line (green, light blue, red, and yellow tubes in Fig. 4 , respectively). These lines are mechanically anchored to the shielded-room wall and are connected to the cryostat via soft flexible tubes. Among the four lines, the 1K-stage pumping line and the still pumping line are particularly thick and are connected to the large pumps. Therefore, additional vibration isolation is indispensable even outside of the shielded room. A KF50 flexible bellows tube with a massive lead-block vibration damper is used in the 1K-stage pumping line to prevent the vibrations of a 40 m 3 /hour rotary pump (Leybold TRIVAC D 40B). The still pumping line connected to the gas handling system (KelvinoxIGH, Oxford Instruments) is mechanically isolated from the shielded-room wall by an ISO100 gimbal decoupler.
An STM controller (Nanonis) and an ion-pump controller (Canon Anelva) are located in an adjacent control room shielded only against electromagnetic noise (not shown in Fig. 4 ). Electrical power for the electronics is supplied through a noise filter and an isolation transformer.
III. PERFORMANCE TEST A. Effective electron temperature and effects of RF-noise filtering
We first evaluated the lowest T eff by measuring the superconducting gap spectrum of aluminum (superconducting transition temperature: 1.2 K). Aluminum is a typical weak-coupling superconductor where the Bardeen-Cooper-Schrieffer theory well applies. Therefore, T eff can be estimated by fitting an observed spectrum to a theoretical formula, which is well described by the density-of-states spectrum of a superconductor convoluted by the Fermi-Dirac function. T eff is included in the Fermi-Dirac function as a fitting parameter (see Appendix A for details). We used an aluminum wire for the tip to form a tunneling junction with a clean Au(100) surface. The aluminum tip was mechanically cut from a wire (99.99% pure). It was cleaned by argon-ion sputtering in the main chamber followed by gentle annealing by the electron-beam heating before the measurement. Figure 5 (a) shows a tunneling spectrum taken at the base temperature. The data were taken when the calibrated thermometers at the MC (RuO 2 ) and the sample stage (LakeShore, Cernox-1010) indicated ∼ 42 mK and ∼ 75 mK, respectively. We fit the spectrum to two model density-of-states spectra, the Dynes 29 and Maki 30 functions, which assume different energy dependence in the phenomenological damping parameters. We include the effect of the bias-modulation amplitude (1.77 µV rms ) for lock-in detection. The functional forms used in the fitting are described in Appendix A. We find that the Maki function gives a slightly better fitting result [ Fig. 5(b) ] but both fittings give similar values of T eff ∼ 90 mK. This corresponds to the energy broadening at the base temperature ∼ 3.5k B T eff ∼ 26 µeV, where k B is the Boltzmann constant. The fitting parameters are summarized in Table I .
To highlight the effective cooling efficiency for the microscope unit, we plot the relationship between T eff and the MC temperature T MC for various DR-STM systems reported so far (Fig. 6) . Apparently, no correlation is found between T eff and T MC , whereas larger cooling power is effective to get lower T MC . This means that effective cooling efficiency depends on link structure between the MC and microscope unit, and the noise filtering scheme that are different from system to system. In our system, we have achieved T eff < 100 mK even with rather high T MC ∼ 42 mK.
To investigate the effect of LPFs, we directly connected the lines without the LPFs to the electronics one by one, and measured the tunneling spectrum of aluminum to estimate T eff [ Fig. 7(a-f) ]. It is clear that the lines driving the scanner transmit the largest RF noise as indicated by the considerable enhancement of T eff [ Fig. 7(e) ]. Even though the effects are smaller, T eff was raised whenever the lines are directly connected to any electronics. This indicates that the proper attenuation of the RF noise is indispensable for realizing high effective cooling efficiency.
B. Temperature-dependent measurement
Next we checked capability of temperature control. From the base temperature to about 200 mK, precise temperature control is possible using only the heater at the MC. Above that, the amount of circulating mixture gas needs to be reduced to suppress the cooling power. We confirmed that stable tunneling spectroscopy is possible up to about 1 K without sacrificing data quality. Figure 8(a) depicts a series of tunneling spectra of aluminum taken at different temperatures. The superconducting gap amplitude at each temperature is deduced by the same fitting procedure used at the base temperature. The temperature dependence of the gap amplitude shown in Fig. 8(b) obeys the Bardeen-Cooper-Schrieffer theory very well.
C. Noise in the tunneling current
To evaluate the noise levels generated by the DR, we measured the spectral densities of the open feedback-loop tunneling currents and closed-loop tip height with and without the DR running (Fig. 9) . Some additional noise appears, when the DR is running. However, none of them exceeds 1 pA/ √ Hz and 0.5 pm/ √ Hz, being acceptable for SI-STM. This means that the mechanical vibrations from the 1 K-stage pump and the DR gas handling system are reasonably decoupled from the cryostat.
D. Stability of spectroscopic-imaging
Finally, we tested the SI-STM performance. At the base temperature, we scanned exactly the same area on the cleaved surface of an optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ at 0 T and 16 T. The tip is a chemically-etched tungsten wire cleaned in-situ by electron-beam heating and by field evaporation using the field-ion microscope. After these cleaning processes, it was conditioned by controlled indentation into a clean Au(100) surface. The constant-current topographic image T (r) does not exhibit significant magnetic-field dependence [ Figs. 10(a,b) ], except for a small drift due to the creeping of the scanner. The drift is small enough to be numerically corrected 32 as shown in Figs. 10(c,d) . Superconducting vortices with characteristic checkerboardlike modulations in the vortex cores 33 are clearly imaged in the conductance image g(r, E) in a magnetic field, whereas the corresponding conductance image at 0 T is governed by the modulations caused by the Bogoliubov quasiparticle interference 34, 35 [ Figs. 10(e,f) ]. These results highlight that the STM system developed in this project possesses sufficient capabilities to perform stable SI-STM measurements even in combined extreme conditions of ultra-low temperature and high magnetic field.
IV. CONCLUSION AND PROSPECTS
We have constructed an ultra-low-temperature highmagnetic-field SI-STM system with full UHV compatibility. Using a mid-size DR (cooling power: 100 µW at 88 mK) and a standard bucket dewar with a bottom loading magnet, we realized a long operating time of 4.5 days. We have achieved high effective cooling efficiency by enhancing the thermal connection between the microscope unit and the MC, and by attenuating the RF noise using LPFs at room temperature. The lowest effective electron temperature reaches below 90 mK as determined by measuring the superconducting gap spectrum of aluminum. The stability of the SI-STM measurements has been demonstrated by imaging vortices in the cuprate superconductor Bi 2 Sr 2 CaCu 2 O 8+δ .
There still remain rooms for improvements. Adding a sintered-silver heat exchanger in the DR unit may lower the base temperature without sacrificing the LHe consumption rate. LPFs at low temperature and utilizing resistive wires instead of superconducting wires may further attenuate the RF noise, leading to the lower attainable temperature. We believe that a stable SI-STM would be possible under even higher magnetic fields, if we could install an even stronger magnet with a persistentmode switch. The ability to visualize the electronic structures in combined extreme conditions of ultra-low temperatures and high magnetic fields, along with long operating time provides a unique opportunity to explore novel electronic phenomena.
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where β = (k B T eff ) −1 and V mod is the root-mean-square amplitude of lock-in excitation.
We adopt two models for ρ(E), namely the Dynes function
